Catalase synthesis can be induced in anaerobically grown cells of Saccharomyce8 cerevi8tae by aeration (Chantrenne, 1954) . In a study of the effect of various nitrogenous substances on the ability of anaerobically grown yeast cells to synthesize catalase, it was found that cysteine inhibited the catalase induction severely (Bhuvaneswaran, Rege & Sreenivasan, 1961) . In the present paper, the effect of cysteine on catalase synthesis and on respiration is examined in more detail.
MATERIALS AND METHODS
Yeast culture8 and preparation of 8u8pension8. The organism used was a brewing strain of Saccharomyces cerevi8iae which was maintained by bi-weekly transfer on agar slants consisting of 2% (w/v) glucose, 1% (w/v) Bactopeptone and 0 3 % yeast extract with 2 % (w/v) agar.
For experimental purposes the organism was grown in a broth of the same composition but with the omission of agar for 20 hr. at 300 in stationary flasks. Practically anaerobic conditions were maintained by using 500 ml. conical flasks filled to the neck. Most of the yeast cells were at the bottom of the flask at the end of the incubation period. The cells were harvested and washed twice with icecold distilled water by suspension and centrifuging at 100 and used at once.
The organism also grew well on a synthetic medium consisting (w/v) of NH4Cl (1%), glucose (1%), KH2PO4 (1%), MgSO4,7H20 (0.01 %) and CaCl2 (0-01 %). This medium after the omission of NH4Cl served as the non-growth medium in aeration experiments; the pH was adjusted to 6-8.
Yeast cells (about 60-80 mg. dry wt.) were suspended in 10 ml. of this medium and were aerated in 50 ml. conical flasks by shaking in a reciprocating shaker at 60 oscillations/ min. for 4 hr. A colorimeter calibrated in terms of dry weight facilitated the adjustment of yeast concentration. The cells were then separated by centrifugation, washed with distilled water and resuspended in 10 ml. of water. Catalase activity of the cells was determined after rupture by repeated freezing and thawing.
A8say of catala8e. Catalase was assayed according to a procedure based on the titanium colour reaction for hydrogen peroxide (Patti & Bonnet Maury, 1953) and developed in this Laboratory by S. P. Manjrekar & A. Sreenivasan (unpublished work). The titanium reagent was prepared as follows: 1 g. of TiO2 and 10 g. of K2S04 were mixed and digested with 150 ml. of conc. H2S04 for 5-6 hr.
The digest was then cooled and diluted to 1-5 1. with distilled water. This served as the stock solution and could be stored at room temperature. The working solution was obtained by diluting the stock solution fivefold with 10% (v/v) H2S04.
To 10 ml. of buffered (phosphate, pH 6-8) 1-25 uMhydrogen peroxide was added 2 ml. of the disrupted cell suspension and the whole was maintained at 0-4°. 
RESULTS
Nature of oxygen uptake by unadapted cells. There was a lag period in the oxygen uptake when the anaerobically grown cells were transferred to a medium containing glucose and phosphate and incubated under aerobic conditions. The initial rate of oxygen uptake of the same cells in the absence of glucose (or endogenous uptake) was greater than that in the presence of the substrate (Fig. 1) .
Nature of oxygen uptake in semi-adapted cells. It is evident from Fig. 1 that, up to a period of 90 min., the endogenous rate of respiration by the cells exceeds that in the presence of the substrate. Beyond 90 min. there occurs a sudden increase in the system where substrate is present.
It was sought to avoid this lag phase by incubating a washed suspension of anaerobically grown yeast for 90 min. with glucose aerobically in the ' aerating medium'. After such incubation the cells were harvested, washed and resuspended in fresh lots of the aerating medium, and the oxygen uptake was measured.
For all other work relating to oxygen uptake reported in the present paper, the 'semi-adapted' yeast was used. Unadapted cells were, however, used for studying the induced synthesis of catalase.
Effect of cysteine on yeast respiration and catalase synthesis. At a concentration of 0 01 M, cysteine produced a fall in the oxygen uptake (Fig. 2) . The effect of cysteine is seen at all stages of respiration tested. A parallel inhibition by cysteine in catalase synthesis is also seen from Fig. 3 .
Effect of compounds related to cysteine. Table 1 summarizes the effect of other compounds related to cysteine on their ability to affect yeast respiration and catalase synthesis. Of the compounds tested, cystine and methionine were not inhibitory, whereas homocysteine and reduced glutathione showed slight inhibitory effects on both yeast respiration and catalase synthesis.
A number of other amino acids were tested for their ability to modify the effect of cysteine on catalase synthesis. These amino acids were added to the aeration medium, at the same concentration as that of cysteine, at the start of aeration. None of the amino acids tested showed any marked effect on catalase synthesis in the absence of cysteine. When they are present together with cysteine, they caused little or no decrease of the inhibition by cysteine. (Fig. 1) (Figs. 2 and 3 (1961) . Albert (1952) has reported that cysteine has an exceptionally high affinity for metal ions. Further proof is derived from the observation that Fe3+ ions are able to reverse the inhibitory effect of cysteine on both catalase synthesis and yeast respiration (Table 2) . Again, it is substantiated by the fact that cysteine is able to inhibit both respiration and catalase synthesis by yeast even when added at various stages of adaptation (Figs. 2 and 3) .
That the thiol group of cysteine is responsible for this inhibitory effect is suggested by the finding that under similar conditions other substances related to cysteine prove ineffective (Table 1) . Cysteine is the only inhibitory amino acid among those tested.
Similar effects of cysteine on respiration have also been reported by Massart & Horens (1953) in a strain of baker's yeast, by Maw (1961) in a strain of brewer's yeast and by Turner (1959) in Ophiobolus graminis var. avenae and Aspergillus niger.
The possibility that cysteine might act by converting the catalase produced into inactive catalasehydrogen peroxide complex II by generating hydrogen peroxide by its autoxidation stems from the observation of Keilin & Hartree (1936, 1945) , who first demonstrated the coupled oxidation of ethanol to acetaldehyde by catalase in the presence of an enzymically generated (glucose oxidase) supply of hydrogen peroxide. Chance (1950) studied the spectra of such mixtures and observed the formation of active catalase-hydrogen peroxide complex I and inactive catalase-hydrogen peroxide complex II. The addition of ethanol caused complex II to disappear. Dale & Russel (1956) and Boeri & Bonnichsen (1952) have shown that cysteine gives rise to hydrogen peroxide by autoxidation. Alexander (1957) , in a study of the inhibition brought about by normal and neoplastic tissue extracts, has shown that the inhibition is due to the generation of hydrogen peroxide and the formation of catalasehydrogen peroxide complex II. He also found that ethanol, by coupled oxidation, brought about a complete reversal of the inhibition of catalase.
In our study, however, no effect of ethanol is seen; on the contrary, ethanol appears to be slightly inhibitory. One possibility may be that, since whole cells were used, the ethanol may not have penetrated in sufficient amount to counteract the effects of cysteine.
The precise mode of action of cysteine remains to be established. SUMMARY 1. Freshly harvested cells of Saccharomyces cerevisiae grown anaerobically exhibit a lag period before they are able to oxidize glucose under aerobic conditions.
2. This lag period can be avoided if the cells are first aerated in the presence of glucose.
3. L-Cysteine produced a marked inhibition of both yeast respiration and catalase synthesis.
4. Ferric ammonium citrate reversed this inhibition. Ethanol was ineffective.
5. Of compounds related to cysteine, cystine and methionine were non-inhibitory whereas homocysteine and glutathione were slightly inhibitory. The structure of torularhodin was elucidated by Ruegg et al. (1958) , and it was shown to contain a single carboxyl group at position 1'. The logical precursor to the carboxylated pigment would appear to be y-carotene (Fig. 1) . Kayser & Villoutreix (1960) studied an X-ray mutant of Rhodotorula mucilaginosa and found that the amounts of y-and f-carotene decreased, whereas those of torulin and torularhodin increased, in the mutant. The authors therefore suggested that y-carotene was the precursor of torulin and torularhodin.
Molecular oxygen is required in the formation of the xanthophylls (van Niel, 1947; Claes, 1959) . Sapozhnikov, Maevskaya, KrasovskayaAntropova, Prialgauskaite & Turchina (1959) and Yamamoto, Chichester & Nakayama (1962a) showed that molecular oxygen is incorporated directly into the leaf xanthophylls. In the latter paper it was shown that the biosynthetic origin of the oxygen in the hydroxyl group is the atmosphere, but it was further suggested that water furnished the epoxy oxygen. (1962) has shown that molecular oxygen is utilized in the formation of the carbonyl group of the carotenoid spheroidenone in RhodOpseudomona8 spheroides. The aim of the present investigation was to determine the biosynthetic origin of the oxygen atoms in torularhodin.
EXPERIMENTAL
Organism and growth conditions. A strain of Rhodotorula rubra var. longa was obtained from the Centraal Bureau voor Schimmelcultures, Yeast Division, Delft, Holland.
The culture was grown in shasta flasks (flat whisky bottles of473 ml. capacity) on the medium described by Nakayama, Mackinney & Phaff (1954) , inoculated and harvested as described.
Extraction of pigment from cells. For a volume greater than 500 ml. a colloid mill (Gifford-Wood Co., Hudson, N.Y.; model QV 6) was used for the disruption of the yeast cells before solvent extraction. For volumes of cells of less than 100 ml. a modified French press was used for the disintegration of the yeast cells (Simpson, Wilson, Burton, Nakayama & Chichester, 1963) .
Crystalline torularhodin from yeast was obtained by extracting the pigment from the cells harvested from 100 shasta flasks. The washed yeast suspension (1.25 1.) was added to the colloid mill together with 750 ml. of glass beads (average diameter 120 ,u) (Minnesota Mining and Manufacturing Co., St Paul, Minn.) and 25 ml. of 0-2M-phosphate buffer at pH 7 0. Usually 1 hr. was required for an 80-90 % disintegration of the yeast cells as estimated by microscopic examination.
The modified French press was used according to the procedure of French & Milner (1955) at 25 000 lb./in.2. Usually two passages through the press were sufficient for a complete extraction of the pigment.
